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Description 

[0001] The present invention relates to an illumination system for a lithography apparatus, such as may be used to 
produce an illumination beam of radiation and in which the intensity distribution of a beam of radiation at a plane is 
s controlled. More particularly, the invention relates to the use of the illumination system in a lithographic projection 
apparatus comprising: 

a radiation system comprising an illumination system, for supplying a projection beam of radiation; 
patterning means, for patterning the projection beam according to a desired pattern; 
10 a substrate table for holding a substrate; and 

a projection system for imaging the patterned beam onto a target portion of the substrate. 

[0002] The term "patterning means' should be broadly interpreted as referring to means that can be used to endow 
an incoming radiation beam with a patterned cross-section, corresponding to a pattern that is to be created in a target 
IS portion of the substrate; the term "light valve' has also been used in this context. Generally, the said pattern will correspond 
to a particular functional layer in a device being created in the target portion, such as an integrated circuit or other device 
(see below). Examples of such patterning means include: 

A mask table for holding a mask. The concept of a mask is well known in lithography, and its includes mask types 
20 such as binary, alternating phase-shift, and attenuated phase-shift, as well as various hybrid mask types. Placement 

of such a mask in the radiation beam causes selective transmission (in the case of a transmissive mask) or reflection 
(in the case of a reflective mask) of the radiation impinging on the mask, according to the pattern on the mask. The 
mask table ensures that the mask can be held at a desired position in the incoming radiation beam, and that it can 
be moved relative to the beam if so desired. 
25 . A programmable mirror array. An example of such a device is a matrix-addressable surface having a viscoelastic 
control layer and a reflective surface. The basic principle behind such an apparatus is that (for example) addressed 
areas of the reflective surface reflect incident light as diffracted light, whereas unaddressed areas reflect incident 
light as undiffracted light. Using an appropriate filter, the said undiffracted light can be filtered out of the reflected 
beam, leaving only the diffracted light behind; in this manner, the beam becomes patterned according to the ad- 
30 dressing pattern of the matrix-adressable surface. The required matrix addressing can be performed using suitable 

electronic means. More information on such mirror arrays can be gleaned, for example, from United States Patents 
US 5,296,891 and US 5,523,193. 

A programmable LCD array. An example of such a construction is given in United 

35 [0003] States Patent US 5,229,872. For the sake of simplicity, the rest of this text may, at certain locations, specifically 
direct itself to examples involving a mask table and mask; however, the general principles discussed in such instances 
should be seen in the broader context of the patterning means as hereabove set forth. 

[0004] For the sake of simplicity, the projection system may hereinafter be referred to as the "lens"; however, this term 
should be broadly interpreted as encompassing various types of projection system, including refractive optics, reflective 

40 optics, and catadioptric systems, for example. The radiation system may also include components operating according 
to any of these design types for directing, shaping or controlling the projection beam of radiation, and such components 
may also be referred to below, collectively or singularly, as a "lens". Further, the lithographic apparatus may be of a type 
having two or more substrate tables and/or two or more mask tables. In such "multiple stage" devices the additional 
tables may be used in parallel, or preparatory steps may be carried out on one or more tables while one or more other 

45 tables are being used for exposures. Twin stage lithographic apparatus are described in, for example, US 5,969,441 
and US Serial No. 09/180.01 1, filed 27 February, 1998 now published as US6262796B. 

[0005] Lithographic projection apparatus can be used, for example, in the manufacture of integrated circuits (ICs). In 
such a case, the patterning means may generate a circuit pattern corresponding to an individual layer of the IC, and this 
pattern can be imaged onto a target portion (comprising one or more dies) on a substrate (silicon wafer) which has been 

50 coated with a layer of photosensitive material (resist). In general, a single wafer will contain a whole network of adjacent 
target portions which are successively irradiated via the projection system, one at a time. In current apparatus, employing 
patteming by a mask on a mask table, a distinction can be made between two different types of machine. In one type 
of lithographic projection apparatus, each target portion is irradiated by exposing the entire mask pattern onto the target 
portion in one go; such an apparatus is commonly referred to as a wafer stepper. In an alternative apparatus — which 

55 is commonly referred to as a step-and-scan apparatus - each target portion is irradiated by progressively scanning the 
mask pattern under the projection beam in a given reference direction (the "scanning" direction) while synchronously 
scanning the substrate table parallel or anti-parallel to this direction; since, in general, the projection system will have a 
magnification factor M (generally < 1). the speed V at which the substrate table is scanned will be a factor M times that 
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at which the mask table is scanned. IVIore information with regard to lithographic devices as here described can be 
gleaned, for example, from US 6,046,792, 

[0006] A projection apparatus, such as used In lithography, generally includes an illumination system, referred to 
hereafter simply as an Illuminator. The illuminator receives radiation from a source, such as a laser, and produces an 

s illumination beam for illuminating an object, such as the patterning means (e.g. a mask on a mask table). Within a typical 
Illuminator, the beam is shaped and controlled such that at a pupil plane the beam has a desired spatial intensity 
distribution. This spatial intensity distribution at the pupil plane effectively acts as a virtual radiation source for producing 
the illumination beam. Following the pupil plane, the radiation is substantially focussed by a lens group referred to 
hereafter as "coupling lens'. Said coupling lens couples the substantially focussed light Into an integrator, such as a 

10 quartz rod. The function of said integrator is to improve the homogeneity of both the spatial and angular intensity 
distribution of the illumination beam. The spatial intensity distribution at the pupil plane is converted to an angular Intensity 
distribution at the object being illuminated by said coupling optics, because the pupil plane substantially coincides with 
the front focal plane of the coupling optics. Controlling the spatial intensity distribution at the pupil plane can be done to 
improve the processing parameters when an image of the illuminated object is projected onto a substrate. 

IS [0007] A known illuminator comprises an optical system referred to hereafter as "zoom-axicon". The zoom-axicon is 
a means for adjusting the intensity distribution at the pupil plane. Radiation from the source passes through a first optical 
component, which generates an angular intensity distribution. Next, the radiation beam traverses a zoom lens. In the 
back focal plane of the zoom lens a spatial intensity distribution occurs that generally is suitable to serve as a secondary 
light source in the pupil plane. Hence, the back focal plane of the zoom lens typically substantially coincides with the 

20 pupil plane (i.e., the front focal plane of the coupling optics). The outer radial extent of the spatial intensity distribution 
at the pupil plane can be changed by changing the focal length of the zoom lens. However, the zoom lens must have 
two degrees of freedom, one to change the focal length of the zoom lens and a second to change the position of the 
principal planes such that when the focal length changes, the back focal plane remains located at the pupil plane of the 
illuminator. Due to this functionality, the zoom lens typically consists of several (e.g. at least three) separate lenses in 

2S series, several of which are movable. As mentioned above, by tuning the focal length of the zoom lens, the radial extent 
of the disc-shaped, preferably homogeneous, intensity distribution at the pupil plane can be set. In the following, any 
preselected, preferred spatial intensity distribution at the pupil plane may be referred to as an "iltuminatlon setting'. 
[0008] An axicon, which is located near the pupil plane, generally consists of two elements having complimentary 
conical shaped faces. Said axicon is used to generate annular spatial intensity distributions, or other spatial intensity 

30 distributions with substantially no intensity around their centre, i.e. no on-axis illumination. By tuning the distance between 
the two conical faces of the axicon, the annuiarity can be adjusted. When the axicon is closed, i.e. the gap between the 
conical faces is zero, conventional (i.e. said disc-like) illumination settings can be produced. With a gap between the 
conical faces, an annular intensity distribution results, with the inner radial extent of the annulus determined by the 
distance between the two conical faces; on the other hand the zoom lens determines the outer radial extent and thus 

35 the width of the annulus. Preselected inner -and outer radial extents of the intensity distribution are often referred to as 
a-settings, in particular the o-inner setting and the a-outer setting, respectively. Here, o-inner and a-outer are a meeisure 
for the ratio of the radius in question to the maximum radius of the pupil. 

[0009] The term 'zoom-axicon"as employed here should be interpreted as referring to a module comprising said zoom 
lens and said axicon. 

'fo [0010] Multipole illumination settings can be generated by various means in the known illuminator, for example by 
modifying said first optical element in front of the zoom lens, such as to appropriately shape the angular intensity 
distribution, or by inserting aperture plates or blades into the beam path, for instance near the pupil plane, and so on. 
Further information on a known zoom-axicon module and multipole mode generation are given in US Serial No. 
09/287,014, filed 6 April, 1999 now published as US 2001 016 038 A. 

45 [0011] Intheknown illuminator, described above, itisapparentthattoproducethedesiredrangeof illuminationsettings 
the zoom-axicon module will generally have several (e.g. five or more) optical components, which can make it expensive 
to produce, particulariy given the fact that several of the elements must be independently movable. A further problem 
is that the lenses comprising the zoom lens and the two conical elements of the axicon represent a considerable thickness 
of lens material and a large number of surface interfaces. This means that the transmission efficiency can be poor due 

so to absorption, inefficient coatings, degradation effects and contamination. This problem is exacerbated by the demand 
for imaging ever smaller features at higher densities, which requires the use of radiation with shorter wavelengths, such 
as 193, 157, 126 nm. The efficiency of suitable transmissive materials, such as CaFg and quartz, generally decreases 
at shorter wavelengths due to increased absorption. The effectiveness of the optical coatings of the components also 
typically decreases at shorter wavelengths and degradation effects generally become worse. Thus, overall, a significant 

55 throughput reduction can occur, due to decreased transmission. Another problem is that the known illuminator occupies 
a relatively large volume in the lithography apparatus. This in turn can lead to excess bulk in the machine, and increased 
manufacturing costs (particularly when using material such as CaF2). 

[0012] EP-A-0949541 discloses an illumination systems and method according to the precharacterizing portions of 
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having an illumination system independent claim 1 . 

[0013] An object of the present invention is to provide an improved lithography apparatus with an illuminator which 
avoids or alleviates the above problems. 

[0014] According to one aspect of the present invention, there is provide an illumination systems according to claim 

5 1 and a lithographic projection apparatus according to claim 2. 

[001 5] The term "optical element" as employed here should be interpreted as referring to elements such as a diff ractive 
optical element (e.g. comprising an array of diff ractive microlenses), referred to hereafter as a "DOE", a microlens array, 
a holographic optical element (e.g. comprising an array of computer generated holographic optical subelements). Further 
information on DOEs is given, for example, in US 5,850,300. Said elements are generally relatively thin and can be 

10 made, for example, on a substantially plane-parallel sut>strate. 

[0016] The use of an exchanger and a plurality of optical elements enables the illumination setting of the apparatus 
to be changed, but without requiring a zoom-axicon module. Elimination of the zoom-axicon module and replacement 
of this module by a single lens greatly reduces the number of optical components in the illuminator, which reduces the 
number of surfaces and decreases the thickness of transmissive material necessary, and so significantly improves the 

IS initial throughput. Elimination of the zoom-axicon module also lowers the sensitivity of the illuminator to degradation and 
contamination effects, and can enable the costs of the apparatus to be reduced. Also the size of the apparatus can be 
reduced. 

[0017] An apparatus according to the above aspects of the invention can also have the following advantage. In con- 
ventional illuminators, the relative complexity and placement accuracy of the optical components can cause an undesired 
20 ellipticity in the pupil intensity distribution. However, the relatively simple construction of the present illuminator alleviates 
this problem. 

[001 8] In a particular embodiment of the invention the position along the beam path of said optical element(s) and the 
position of said pupil generating lens are adjustable. This enables some continuous variation of the intensity distribution 
parameters, such as the inner and outer radial extent, to be achieved. This can be used to eliminate the discrete nature 
2S of the parameters of the Intensity distribution provided by the optical elements or to reduce the number of interchangeable 
optical elements which need to be provided for the exchanger. 

[0019] A single optical element can be embodied in such as way as to contain a plurality of zones, each zone corre- 
sponding to a different type of illumination setting, and the apparatus can be embodied so as to be able to direct the 
beam through one or more different zones of the said element. For example, the exchanger may be able to enact fine 

30 x,y-motion in a plane parallel to that of the optical element, thus allowing the beam to be finely positionable (in an x,y- 
plane) with respect to the element; alternatively, optical splitters/mixers may be used to direct different portions of the 
beam through different zones, or different areas of a single zone, or separate elements, at preselected ratios. All of 
these scenarios have in common the fact that they allow a great(er) plurality of illumination settings to be achieved on 
the basis of a relatively small number of the said optical elements, by virtue of the efficient "mixing effects" described 

35 above. Moreover, one is enabled in this manner to create (variable) illumination settings that would othenwise be difficult, 
or impossible, to achieve. One can even contemplate varying an illumination setting during an actual exposure. 
[0020] Specific examples of "hybrid* illumination settings that can be generated in the matter described in the previous 
paragraph include: 

^ - "soft multipole", wherea multipole pattern is generated by a first element (or zone, or area of a zone) and a background 
flux is generated by a second element (or zone, or area of a zone); 

a quadrupole pattern comprising a "strong" dipole in the x-direction and a "weak" dipole in the y-direction; 

a "staggered quadrupole" pattern, wherein the pole spacing in the x-direction is different to that in the y-direction. 

45 [0021] It should be noted that the embodiment described in the previous two paragraphs is not limited in its use to an 
illuminator in which a zoom-axicon is absent, and replaced by a single lens. In situations where the material costs, 
absorption issues and/or bulk of the zoom axicon are not a substantial issue (e.g. in DUV lithography, or "high-end" 
machines for use at 193 nm or 157 nm), this "mixing embodiment" might be used in combination with a zoom-axicon, 
for added flexibility. 

so [0022] In another embodiment of the invention, several of said optical elements are arrangeable in series along the 
beam path. In one embodiment, a first optical element defines a particular sub-set of parameters of the intensity distribution 
and a second optical element defines for instance a particular change of said sub-set of parameters. For instance, a 
first optical element can define a certain preselected annutarity defined by an inner and outer radial extent (the a settings; 
respectively the o-inner setting and the o-outer setting) of the intensity distribution, and a second optical element can 

S5 have the effect of reducing and increasing (by a preselected amount) said inner and outer radial extent, respectively. 
This has the advantage that, by placing preselectable combinations of different optical elements in series in the optical 
path (including the combination of an optical element in one exchanger and an open position in an other exchanger), 
the number of illumination settings can be increased while minimizing the numtier of optical elements required. Such 
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an embodiment may comprise several (e.g. two) exchangers in series. The use of, for exampie, microlens arrays or 
DOES as the optical elements is advantageous because generally they are relatively thin and, therefore, even with 
several of them in series, the degree of light absorption compared vrith a zoom-axicon module is greatly reduced. 
[0023] According to a further aspect of the invention there is provided a device manufactuiing method according to 
s claim 6. 

[0024] In a manufacturing process using a lithographic projection apparatus according to the invention a pattern (e.g. 
in a mask) is imaged onto a substrate that is at least partially covered by a layer of energy-sensitive material (resist). 
Prior to this imaging step, the substrate may undergo various procedures, such as priming, resist coating and a soft 
bake. After exposure, the substrate may be subjected to other procedures, such as a post-e)q30sure bake (PEB). de- 

10 velopment, a hard bake and measurement/inspection of the imaged features. This array of procedures is used as a 
basis to pattern an individual layer of a device, e.g. an IC. Such a patterned layer may then undergo various processes 
such as etching, ion-implantation (doping), metallisation, oxidation, chemo-mechanical polishing, etc., all intended to 
finish off an individual layer. If several layers are required, then the whole procedure, or a variant thereof, will have to 
be repeated for each new layer. Eventually, an array of devices will be present on the substrate (wafer). These devices 

IS are then separated from one another by a technique such as dicing or sawing, whence the individual devices can be 
mounted on a carrier, connected to pins, etc. Further information regarding such processes can be obtained, for example, 
from the book "Microchip Fabrication: A Practical Guide to Semiconductor Processing", Third Edition, by Peter van Zant, 
l\/lcGraw Hill Publishing Co., 1997, ISBN 0-07-067250-4, 

[0025] Although specific reference may be made in this text to the use of the apparatus according to the invention in 
20 the manufacture of ICs, it should be explicitly understood that such an apparatus has many other possible applications. 
For example, it may be employed in the manufacture of Integrated optical systems, guidance and detection pattems for 
magnetic domain memories, liquid-crystal display panels, thin-film magnetic heads, etc. The skilled artisan will appreciate 
that, in the context of such alternative applications, any use of the terms 'reticle", "wafer" or "die" in this text should be 
considered as being replaced by the more general ternis "mask", "substrate" and "target area", respectively. 
25 [0026] In the present document, the terms illumination radiation and illumination beam are used to encompass all 
types of electromagnetic radiation, including ultraviolet radiation (e.g. with a wavelength of 365, 248, 193, 157 or 126 
nm) and EUV. 

[0027] Embodiments of the invention will now be described, by way of example only, with reference tothe accompanying 
schematic drawings in which: 

30 

Figure 1 depicts a lithographic projection apparatus according to an embodiment of the invention; 
Figure 2 is an illustration of part of an illuminator according to an example not forming part of the present invention: 
Figures 3 illustrates in cross-section, a Fresnel lens for use in a diffractive optical element, for the situation where 
annular illumination is to be generated; 
35 Figures 4 illustrates in cross-section a modified Fresnel lens for use in a diffractive optical element with improved 

efficiency, for the situation where annular illumination is to be generated; 

Figure 5 illustrates an exchanger provided with an optical element that can be used to generate a soft illumination 
setting, the exchanger being movable such as to vary the softness of the illumination setting; and 
Figure 6 depicts an optical element which, when placed in the radiation beam, can be used to generate a plurality 
40 of illumination settings, dependent on the relative lateral position of the element in the radiation beam. 

Figure 7 Illustrates a further embodiment of an illuminator according to the present invention. 

[0028] In the Figures, corresponding reference symbols indicate corresponding parts. 

[0029] Figure 1 schematically depicts a lithographic projection apparatus according to a particular embodiment of the 
45 invention. The apparatus comprises: 

a radiation system LA, Ex, IL, for supplying a projection beam PB of radiation (e.g. UV or EUV radiation); 
a first object table (mask table) MT provided with a mask holder for holding a mask MA (e.g. a reticle), and connected 
to first positioning means for accurately positioning the mask with respect to item PL; 
50 a second object table (substrate table) WT provided with a substrate holder for holding a substrate W (e.g. a resist- 

coated silicon wafer), and connected to second positioning means for accurately positioning the substrate with 
respect to item PL; 

a projection system ("lens") PL (e.g. a refractive or catadioptric system, or a mirror group) for imaging an Irradiated 
portion of the mask MA onto a target portion C (comprising one or more dies) of the substrate W. 

55 

As here depicted, the apparatus is of a transmissive type (i.e. has a transmisslve mask). However, in general, it may 
also be of a reflective type, for example (with a reflective mask). 

[0030] The radiation system comprises a source LA {e.g. a Hg lamp, or an excimer laser) which produces a beam of 
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radiation. Tliis beam is fed into an illumination system IL, either directly or after being passed through conditioning 
means, such as a beam expander Ex, for example. The illuminator IL comprises adjusting means AM for setting the 
outer and/or inner radial extent (i.e. a-outer and a-inner, respectively) of the intensity distribution in the beam. In addition, 
it will generally comprise various other components, such as an integrator IN and a condenser CO. In this way, the beam 

5 PB impinging on the mask MA has a desired uniformity and intensity distribution in its cross-section. 

[0031] It should be noted with regard to Figure 1 that the source LA may be within the housing of the lithographic 
projection apparatus (as is often the case when the source LA is a mercury lamp, for example), but that it may also be 
remote from the lithographic projection apparatus, the radiation beam which it produces being led into the apparatus 
(e.g. with the aid of suitable directing mirrors); this latter scenario is often the case when the source LA is an excimer 

10 laser. The current invention and claims encompass both of these scenarios. 

[0032] The beam PB subsequently intercepts the mask MA which is held in a mask holder on a mask table MT. Having 
traversed the mask MA, the beam PB passes through the lens PL, which focuses the beam PB onto a target portion C 
of the substrate W. With the aid of the interferometric displacement and measuring means IF, the substrate table WT 
can be moved accurately, e.g. so as to position different target portions C in the path of the beam PB. Similarly, the first 

15 positioning means can be used to accurately position the mask MA with respect to the path of the beam PB, e.g. after 
mechanical retrieval of the mask MA from a mask library, or during a scan. In general, movement of the object tables 
MT, WT will be realized with the aid of a long stroke module (course positioning) and a short stroke module (fine 
positioning), which are not explicitly depicted in Figure 1 . However, in the case of a wafer stepper (as opposed to a step- 
and-scan apparatus) the mask table MT may just be connected to a short stroke actuator, or may be fixed. 

20 [0033] The depicted apparatus can be used in two different modes: 

1 . In step mode, the mask table MT is kept essentially stationary, and an entire mask image is projected in one go 
{i.e. a single "flash") onto a target portion C. The substrate table WT is then shifted in the x and/or y directions so 
that a different target portion C can be irradiated by the beam PB; 

2S 2. In scan mode, essentially the same scenario applies, except that a given target portion C is not exposed in a 

single 'flash". Instead, the mask table MT is movable in a given direction (the so-called "scan direction", e.g. the x 
direction) with a speed v, so that the projection beam PB is caused to scan over a mask image; concurrently, the 
substrate table WT is simultaneously moved in the same or opposite direction at a speed V= Mv, in which Af is the 
magnification of the lens PL (typically, M= 1/4 or 1/5). In this manner, a relatively large target portion C can be 

30 exposed, without having to compromise on resolution. 

[0034] An example of an illuminator not according to the invention is shown in Figure 2. It comprises an optical element 
1 0 in the beam path (broken line) and an optical element exchanger 12 having access to other optical elements that can 
be substituted for optical element 1 0 in the beam path. The exchanger 12 may comprise any suitable means for inserting 
35 and removing the optical elements from the beam path, such as a carousel or rotatable disc provided with several optical 
elements and controllable to position a selected one of the optical elements in the beam path, or a "slide-in-slide-out" 
mechanism, as employed in a photographic slide projector, for example. 

[0035] Radiation passing through the optical element 1 0 is condensed by a single lens 1 4 to produce a spatial intensity 
distribution at the pupil plane 16. In an alternative example, the lens 14 is compound, but all its components are fixed, 
40 as opposed to the situation in a zoom-axicon. The pupil plane is located at the back focal plane of lens 14. The choice 
of optical element 1 0 determines the intensity distribution (i.e. illumination setting) of the illuminator. Each exchangeable 
optical element 1 0 defines a particular intensity distribution having a set of parameters such as inner and outer radii and 
beam shape. 

[0036] In this example the single fixed lens 14 and the plurality of optical elements 10 replace the various (movable) 
4S lenses and the two complementary conical components of a zoom-axicon module. After the lens 14, the radiation is 
coupled by a coupling lens 18 into an integrator rod 20 (or fly-eye lens, for example). The axial location of coupling lens 
18 is chosen such that its front focal plane substantially coincides with the pupil plane 16. This example, in which an 
optical element is used to define completely the intensity distribution at the pupil plane, has no negative impact on 
performance, as measured by beam characteristics such as uniformity, telecentricity and the intensity distribution at the 
so entrance to the integrator 20. 

[0037] The optical element 10 is generally a thin element, such as an array of microlenses or a DOE. 
[0038] In a particular example the optical element is a DOE comprising an array of substantially identical diffractive 
optical microlenses functioning like Fresnel lenses, where the difference between the maximum (axial) thickness of one 
portion and the minimum thickness of a neighboring portion of the Fresnel lens is controlled with an accuracy of the 
55 order of the wavelength of the radiation beam (e.g. 248 nm, or 193 nm). In classical, refractive, Fresnel lenses said 
accuracy is generally not maintained. The term "Fresnellens" as employed here should generally be interpreted as 
referring to said diffractive optical microlenses constituting a DOE. The Fresnel lens array can be fabricated using a 
lithographic process, for example. Gradual variation in thickness of different regions on the surface of the Fresnel lens 
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can be approximated as a staircase, typically using about eiglit steps (or pliase levels) i.e. using eight layers in tlie 
process used to manufacture tlie array. 

[0039] The principal illumination settings (intensity distributions at the pupil plane of the illuminator) that one may 
generally wish to produce are: so-called conventional settings, annular settings, and multipole settings. Different optical 

5 elements can be fabricated to generate each of these settings as discussed below. 

[0040] Conventional settings, i.e. simple uniform disc-like intensity distributions, can be created simply by embodying 
each Fresnel lens of the DOE to produce a divergent beam from the incoming radiation beam. The angular intensity 
distribution produced by the optical element is converted by lens 14 (Fig. 2) to a spatial intensity distribution at the pupil 
plane. The only parameter of this illumination setting is the outer radial extent of the spatial intensity distribution at the 

10 pupil plane. Decreasing the effective radius of curvature of the Fresnel lenses or increasing the size of the individual 
Fresnel lenses will increase the divergence of the beam, and therefore increase the maximum radial extent of the spatial 
intensity distribution. The shape of a Fresnel lens in the plane perpendicular to the optical axis of the Fresnel lens 
determines the shape of the spatial intensity distribution at the pupil plane. Thus, for a disc-shaped distribution, the 
Fresnel lenses should have a disc-like shape. To allow for a dense packing of the Fresnel lenses constituting a DOE, 

IS the said shape can be chosen to be hexagonal, such as to approximate a disc-like shape. A selection of different optical 
elements can be provided to give a number of conventional illumination settings. Optical elements used for the realization 
of conventional settings as described here may be referred to as "conventional optical elements" hereafter. 
[0041] Annular illumination settings are characterized by the absence of light at the centre part of the pupil plane. A 
parameter of this illumination setting is the inner radial extent, i.e. the extent of the absence of light at the centre part. 

20 With a conventional optical element the centre part of the intensity distribution at the pupil is generated by the centre 
part of each Fresnel lens. So in order to produce annular illumination, the centre part of each Fresnel lens of a conventional 
optical element must be eliminated. Figures 3 and 4 illustrate conceptually how an optical element for producing annular 
illumination settings can be designed. Fig. 3 shows a single Fresnel lens 300 of a conventional optical element In cross- 
section, with the inner Fresnel rings removed from the region indicated by the dotted box 302. One could simply block 

2S the radiation from passing through the inner Fresnel rings, but this would reduce the efficiency; therefore, the remaining 
outer group 304 of Fresnel rings 31 Oa, 31 Ob, are instead effectively shifted radially inwards as indicated by the arrows 
306 in Fig. 3. The resulting Fresnel lens 400 is shown schematically in cross-section in Fig. 4, and is of course axially 
symmetric, the axis being the dashed line 408 in Fig. 4. The inner radial extent of the annulus produced by such an array 
of Fresnel lenses is determined by the number of inner Fresnel rings that have effectively been removed, and the outer 

30 radial extent of the annulus can be determined in the same way as for conventional illumination modes. 

[0042] In multipole illumination modes, such as dipole or quadrupole, each pole in the pupil plane can be considered 
as being just a part of an annular intensity distribution in said plane. An optical element to generate multipole settings 
can comprise an array of Fresnel lenses with each Fresnel lens shaped according to the pole shape in the pupil plane 
to which the Fresnel lens is directing radiation intensity. 

35 [0043] Although described above in terms of Fresnel lens arrays, the optical elements can take other forms, such as 
arrays of computer-generated holograms (Fourier-calculated image-generating pattern plates), for example. 
[0044] In one example, at least one of the optical elements provided for the optical element exchanger can be used 
to achieve a conventional illumination setting with particularly small sigma setting (i.e. small outer radial extent). Such 
a setting is particulariy advantageous for use with phase-shift masks. 

^ [0045] According to the above described scenario, a unique optical element 1 0 is required for each illumination setting, 
and the parameters of the illumination setting cannot be continuously varied, but will change discretely when one optical 
element is exchanged for 

a different optical element. According to a further example, the optical element 10 and lens 14 are both movable along 
the optical axis 22 of the illuminator. Studies indicate that a simultaneous movement of the optical element 10 and lens 

45 14 in Fig. 2 result, for the case of conventional illumination, in an effective change of the radial extent of the intensity 
distribution at the pupil plane. For instance, when they are both moved towards the integrator 20, the effective radial 
extent of the intensity distribution at the pupil plane 16 becomes smaller, i.e. the outer radial extent (or a-outer setting) 
is reduced. Thus, in this way some continuous variation in the settings can be obtained. Studies indicate that changes 
in a-outer of about 0.25 or 0.3 are typically achievable. 

50 [0046] It will of course be appreciated that when the lens 14 is moved axially, the pupil plane 16 is no longer at the 
front focal plane of coupling lens 1 8. Therefore the intensity distribution at the entrance to the integrator 20 may become 
less uniform. This can be corrected to some extent, or tolerated in exchange for the extra flexibility given by the "zoom" 
function achievable by adjusting the axial position of the optical element 10 and lens 14. 

[0047] In one example, the lens 14 has a focal length of the order of 1000 mm and the optical element 10 and lens 
55 14 can be shifted of the order of 350 mm along the optical axis 22 towards and away from the integrator 20. 

[0048] According to the above examples, a single optical element is used to define the intensity distribution at the 
pupil plane 16 and an exchanger 12 can swap the particular optical element 10 for different optical elements so as to 
change theintensity distribution. This enables the zoom axicon module to be eliminated and a single lens element 14 to 
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be used instead. The throughput efficiency of an illuminator is of course sensitive to the volume absorption coefficients 
of the CaF2 and quartz typically used in the optical components, and in the surface coating efficiencies. However, analysis 
shows that an illuminator using a zoom-axicon module may have an efficiency in the region of 55 to 75%, whereas an 
illuminator according to the above described embodiments can have an efficiency of between 80 and 85%, which 

s represents a considerable efficiency improvement. 

[0049] In one form of illumination, the poles of the intensity distribution, such as for a multipole mode, have essentially 
zero intensity between them, which has been termed a 'hard" multipole mode. However, in certain applications it is 
advantageous to have some radiation intensity between the poles or on the optical axis, and these variants are generally 
called "soft" multipole modes. Examples of soft illumination settings would be: providing an overall background radiation 

10 intensity; providing a central weak pole; and providing a number of weak intensity poles other than the main poles. The 
soft variants, such as those mentioned above, may also be used with conventional and annular illumination settings. 
Such soft variants can be considered as being mixtures of several (e.g. at least two) pupil intensity distributions repre- 
senting the aforementioned principal illumination settings. 

[0050] In the following, we will refer to a 'soft illumination setting" as a mixture of several (e.g. at least two) different 
IS pupil intensity distributions, where these pupil intensity distributions may include, but are not limited to, the said principal 
illumination settings. For reference, we will identify said principal illumination settings and the corresponding microlens 
or Fresnel lens shapes (as occurring respectively in microlens arrays or DOEs) by a letter, as indicated in the table below. 



letter 


principal illumination setting 


O 


conventional 


N 


quadrupole 


E 


dipole, axis through the center of the poles is parallel tothex-axis 


W 


dipole, axis through the center of the poles is parallel to the y-axis 


S 


annular 



[0051] The x -and y-directions referred to here are located in a plane substantially perpendicular to the local optical 
30 axis. In many embodiments, the directions of the x -and y-axes will substantially correspond to mutually orthogonal 
directions of critical line structures in a patterning mask. 

[0052] Optical elements for producing soft Illumination settings may also be used In one example a single DOE for 
generating a soft illumination setting would consist of an array of Fresnel lenses, where for instance two types of Fresnel 
lenses are distributed over the array. For instance, a DOE generating a soft quadrupole intensity distribution might 
35 feature 50% of the array filled with Fresnel lenses of type N and 50% of the array filled with Fresnel lenses of another 
type, e.g. of type O. Other ratios, i.e., other percentages, can of course be used as well. 

[0053] In an embodiment of the invention, soft illumination is obtained by positioning two DOEs side by side in the 
radiation beam, at the location of element 10 in Fig. 1, in such a way that both DOEs are partially irradiated by the 
incoming radiation beam; see Fig. 5. In Fig. 5 such a side-by-side set up at a location 30 in a carrousel 32 is shown. 

•40 The carrousel (part of the exchanger 12 in Fig. 1) is rotatable around the axis 31, and laterally movable in mutually 
orthogonal directions x and y, substantially perpendicular to the axis 31 . A DOE for conventional illumination, comprising 
Fresnel lenses of type O. and shown as element 34 in Fig. 5, is placed side by side with a DOE for annular illumination, 
comprising Fresnel lenses of type S, and shown as element 44. The footprint 38 of the incoming radiation beam 40 
intercepts both DOEs partially. Therefore, the resulting spatial intensity distribution at the pupil plane will be a sum of 

45 conventional disc-shaped and annular shaped intensity distributions. Clearly, the ratio of the irradiated areas 42 and 43 
in Fig 5 determines the ratio of said conventional and annular intensity distributions. By moving the carrousel 32 in the 
x-direction, as shown in Fig. 5, this ratio can be controlled and adjusted to any desired preselected value. This way, it 
is possible to establish an optimal ratio for a specific imaging application without the need of having access to a large 
number of single-element soft-annular DOEs. 

so [0054] In another embodiment, considerable flexibility in creating different illumination settings is obtained by the use 
of a single optical element 54 comprising a plurality of zones 52, as shown in Fig. 6, where each zone is a DOE which 
generates a specific illumination mode. Fig. 6 indicates in each zone the types of Fresnel lenses occurring (see also the 
table above). Thus, zone N is a DOE whose array of diffractive microlenses consists 100% of Fresnel lenses of type N, 
generating quadrupole illumination, and zone OS is a DOE described above for generating soft annular illumination. By 

55 placing this optical element in position 30 in Fig. 5 and exploiting the possibility of moving this optical element 54 (e.g. 
in the x -and/or y-directions) relative to the footprint 40 of the radiation beam, one can create a plurality of soft illumination 
settings as well as principal illumination settings. It should be noted that Fig. 6 only illustrates the embodiment schemat- 
ically. For instance, the number of zones, the ratios of Fresnel lens types occurring in each zone, and the size of the 
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footprint 40 with respect to the size of a zone, are ali parameters that can be suitably chosen. 
[0055] A further embodiment of the invention is illustrated in Fig. 7. In this example two optical elements 1 0A, 1 0B are 
disposed in series along the beam path and each optical element has a respective exchanger 12A, 12B. Each of the 
exchangers in this example is provided with a set of optical elements for controlling a particular sub-set of characteristics 

s or parameters of the intensity distribution. For example, the optical elements associated with exchanger 1 2A may define 
a number of annular settings (a-inner and o-outer) tailing over the function of an axicon, i.e. controlling the annularity 
of the intensity distribution, while the optical elements associated with exchanger 1 28 may define a number of conventional 
settings defining the radial extent of the spatial intensity distribution pattern at the pupil (a-outer), as conventionally 
controlled by a zoom module. Each exchanger 12A, 128 features an empty slot and can independently swap between 

10 different optical elements, which define said different values of the particular parameter or characteristic of the beam 
that it is creating. The combined effect of an annular setting by exchanger 12A and a conventional setting by exchanger 
128 will be a convolution of the corresponding intensity distributions in the pupil plane. Thus, the a-inner and a-outer 
values as set with exchanger 12A will respectively be lowered and increased (i.e.. the ring width of the annulus will 
increase) when combined with a conventional setting by means of the optical element in exchanger 128. In this way, 

15 great flexibility can be achieved, and fewer optical elements required, because different combinations of the optical 
elements in series are possible. 

[0056] Whilst specific embodiments of the invention have been described above, it will be appreciated that the invention 
may be practiced otherwise than as described. The description is not intended to limit the invention which is defined by 
the claims. 

20 

Claims 

1 . An illumination system (1 L) that successively comprises: 

25 

- adjusting mean (AM) for producing from a substantially collimated projection beam a desired intensity distri- 
bution; 

- focusing means (1 4), for focusing the beam onto an entrance surface of integrator means (20), said integrator 
means (20) serving to improve the cross-sectional intensity unifomnity of the beam, 

30 

characterized in that said adjusting means consists of at carrousel (32) rotable about an axis (31) for inserting 
and removing at least one of a plurality of optical elements into and out of the projection beam path, said at least 
one optical element comprising two DOE's side-by-side, such that the footprint (38) of the projection beam (40) 
intercepts both DOE's partially, the first DOE defining a first illumination mode and the second DOE defining a 
35 second illumination mode different from the first illumination mode, wherein said carousel is laterally movable sub- 

stantially perpendicular to said axis to adjust the ratio of the first and second illumination modes. 

2. A lithographic projection apparatus comprising: 

40 - a radiation system for providing a projection beam of radiation, comprising an illumination system according 

to claim 1 . 

- means for holding patterning means, the patterning means serving to pattern the projection beam according 
to a desired pattem; 

- a substrate table for holding a substrate; 

45 - a projection system for imaging the patterned beam onto a target portion of the substrate. 

3. An apparatus according to claim 2, wherein the position along the beam path of at least one optical element is 
adjustable. 

so 4. An apparatus according to claim 2 or 3, wherein at least two of said optical elements are arrangeable in series along 
said beam path. 

5. An apparatus according to any one of claims 2 to 4, wherein said illumination modes differ in at least one of outer 
radial extent, annularity, inner radial extent, perimetric form, perimetric orientation, number of poles, orientation of 

55 poles, pole size, pole shape, intensity gradient, and background illumination. 

6. A device manufacturing method comprising the steps of: 
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- providing a substrate tliat is at least partially covered by a layer of radiation-sensitive material; 

- providing a projection beam of radiation using an illumination system; 

- using patterning means to endow the projection beam with a pattern in its cross-section; 

- projecting the patterned beam of radiation onto a target area of the layer of radiation-sensitive material, using 
the apparatus of claim 2. 



Patentanspruche 

10 1. Beleuchtungssystem (IL), das sukzessive umfasst: 

- Anpassungsmittel (AM) zum Erzeugen einer gewunschten Intensitatsverteilung aus einem im wesentlichen 
Icollimierten Projektionsstrahl; 

- Fokussiermittel (1 4) zum Fokussieren des Strahls auf eine Eingangsflache eines Integratomnitteis (20), wobei 
IS das Integratonnittel (20) zum Verbessern der GleichmdBigkeit der intensitdt des Strahls uber den Querschnitt 

dient, dadurch gekennzeichnet, dass das Anpassungsmittel ein um eine Achse (31 ) rotierbares Karussell 
(32) zum Einpassen und Entfernen mindestens eines einer Mehrzahl optischer Elemente in und aus dem 
Projektionsstrahlweg umfasst, wobei das mindestens eine optische Element zwei nebeneinander angeordneten 
DOES umfasst, so dass die BasisflSche (38) des Projektionsstrahls (40) beide DOEs teilweise abfangt, wobei 
zo das erste DOE einen ersten Beleuchtungsmodus und das zweite DOE einen von dem ersten Beleuchtungs- 

modus verschiedenen zweiten Beleuchtungsmodus definiert, wobei das Karussell im wesentlichen rechtwinklig 
zu der Achse seitlich bewegbar ist, um das VerhSltnis der ersten und zweiten Beleuchtungsmodi anzupassen. 

2. Lithografische Projektionsvorrichtung, die umfasst: 

25 

- ein Strahlungssystem zum Bereitstellen eines Projektionsstrahls, das ein Beleuchtungssystem nach Anspruch 
1 umfasst; 

- Mittet zum Halten von Musterungsmittein, wobei die Musterungsmittel dazu dienen, den Projektionsstrahl 
gema3 einem gewunschten Muster zu pragen; 

30 - einen Substrattisch zum Halten eines Substrats; 

- ein Projektionssystem zum Abbilden des gepragten Strahls auf einen Zielabschnitt des Substrates. 

3. Vorrichtung nach Anspruch 2, wobei die Position mindestens einer optischen Elements entlang des Strahlweges 
anpassbar ist. 

35 

4. Vorrichtung nach Anspruch 2 oder 3, wobei mindestens zwei der optischen Elemente entlang des, Strahlweges In 
Reihe angeordnet werden konnen. 

5. Vorrichtung nach, einem der Anspruche 2 bis 4, wobei sich die Beleuchtungsmodi unterscheiden in mindestens 
-w einem von: auBerer radialer Erstreckung, Kreisfonmigkeit, innerer radialer Erstreckung, Umkreisfomi, Umkreisori- 

entierung, Anzahl von Polen, Orientierung von Polen, PolgroBe, Polfonm, intensitatsgradient und Hintergrundbe- 
leuchtung. 

6. Verfahren zum Herstellen einer Vorrichtung, das die Schritte umfasst: 

45 

- Bereitstellen eines Substrats, das mindestens teilweise durch eine Schicht von strahlungsempfindllchen Ma- 
terial bedeckt ist; 

- Bereitstellen eines Projektionsstrahls unter Verwendung eines Beleuchtungssystems; 

- Verwenden von Musterungsmittein, um den Projektionsstrahl mit einem Muster in seinem Querschnitt zu 
so versehen; 

- Projizieren des gemusterten Strahls auf einen Zielbereich der Schicht strahlungsempfindllchen Materials unter 
Venwendung der Vorrichtung aus Anspruch 2. 



55 Revendications 

1 . Systfeme d'illumination (IL) qui comprend successivement : 
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- des moyens d'ajustement (AM), pour produire d partir d'un faisceau de projection sensiblement collimat^ une 
distribution d'intensite voulue ; 

- des moyens de focallsation (14), pourfocaliser le faisceau sur une surface d'entrde de moyens d'lnt6gration 
(20), lesdits moyens d'int6gratlon (20) servant k am6liorer l'uniformit6 d'lntensit6 transversale du faisceau, 

caract6ris6 en ce que lesdits moyens d'ajustement sont constituds d'un carrousel (32) pouvant tourner autour 
d'un axe (31) pour insurer et retirer au moins I'un d'une pluralite d'dlements optiques dans et hors du trajet de 
faisceau de projection, ledit au moins un ^l^ment optique comportant deux DOE cdte h cdte, de sorte que I'empreinte 
(38) du faisceau de projection (40) intercepte les deux DOE partiellement, le premier DOE dSfinissant un premier 
mode d'illumination et le second DOE d^finissant un second mode d'illumination different du premier mode d'illu- 
mination, dans lequel ledit carrousel est mobile Iat6ralement de manure sensiblement perpendiculaire audit axe 
pour regler le rapport des premier et second modes d'illumination. 

Appareil de projection lithographique, comprenant : 

- un syst^me de rayonnement pour d^livrer un faisceau de projection de rayonnement, comprenant un syst^me 
d'illumination selon la revendication 1 ; 

- des moyens pour maintenir des moyens de formation de motif, les moyens de formation de motif servant h 
modeler le faisceau de projection conformdment k un motif voulu ; 

- une table de substrat pour maintenir un substrat ; 

- un syst^me de projection pour former une image du faisceau model6 sur une partie cible du substrat. 

Appareil selon la revendication 2, dans lequel la position le long du trajet de faisceau d'au moins un 6l6ment optique 
est ajustable. 

Appareil selon la revendication 2 ou 3, dans lequel au moins deux desdits Pigments optiques peuvent Stre agencSs 
en serie le long dudit trajet de faisceau. 

Appareil selon I'une quelconque des revendications 2^4, dans lequel lesdits modes d'illumination different en au 
moins I'un panni la port^e radiale exterieure, I'annularite, la portee radiale interne, la forme pirim6trique, I'orientation 
p^rim^trique, le nombre de pdles, I'orientation des poles, la taiile des pdies, la forme des pdles, le gradient d'intensite, 
et rillumination de fond. 

Proc^d^ de fabrication de dispositif , comprenant les etapes consistant ei : 

- fournir un substrat qui est au moins partiellement couvert d'une couche de mat^riau sensible au rayonnement ; 

- delivrer un faisceau de projection de rayonnement en utilisant un syst^me d'illumination ; 

- utiliser des moyens de formation de motif pour doter le faisceau de projection d'un motif dans sa coupe 
transversale ; 

- projeter le faisceau de rayonnement models sur une surface cible de la couche de mat^riau sensible au 
rayonnement, en utilisant I'appareil selon la revendication 2. 
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Fig.2. 
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Fig.5. 
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